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The structure of a β2-microglobulin ﬁbril suggests a
molecular basis for its amyloid polymorphism
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All amyloid ﬁbrils contain a cross-β fold. How this structure differs in ﬁbrils formed from
proteins associated with different diseases remains unclear. Here, we combine cryo-EM and
MAS-NMR to determine the structure of an amyloid ﬁbril formed in vitro from β2-micro-
globulin (β2m), the culprit protein of dialysis-related amyloidosis. The ﬁbril is composed of
two identical protoﬁlaments assembled from subunits that do not share β2m’s native tertiary
fold, but are formed from similar β-strands. The ﬁbrils share motifs with other amyloid ﬁbrils,
but also contain unique features including π-stacking interactions perpendicular to the ﬁbril
axis and an intramolecular disulﬁde that stabilises the subunit fold. We also describe a
structural model for a second ﬁbril morphology and show that it is built from the same
subunit fold. The results provide insights into the mechanisms of ﬁbril formation and the
commonalities and differences within the amyloid fold in different protein sequences.
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Amyloid ﬁbrils are fascinating protein assemblies that playa central role in many devastating diseases1. They alsohave functional roles from microbes to man2,3 and
offer the opportunity to generate novel materials with new
properties4–6. Despite these varied functions, all amyloid ﬁbrils
have a common architecture based on a cross-β structure7.
Despite the ﬁrst identiﬁcation of the cross-β motif more than 50
years ago8, the structure of amyloid eluded high-resolution
structural deﬁnition for all but the smallest of peptide assem-
blies9. This raised the question of how many structures conform
to the canonical cross-β fold; how different sequences can
assemble into this same fold family; and how the structure of
amyloid ﬁbrils generated in vitro relate to their counterparts
formed in situ. Recent developments in magic angle spinning
(MAS)-NMR and cryo-EM have seen an end to this impasse, with
high-resolution structures of ﬁbrils formed from Aβ42 and
α-synuclein in vitro, and tau ﬁbrils ex vivo being reported in the
last year10–14. These proteins are all intrinsically disordered in
their native, functional states, and hence amyloid assembly
involves peptide ordering into the cross-β fold. Of the >50 cur-
rently known amyloid precursors, however, almost half are
initially folded, including light chains, serum amyloid A, prions,
and β2-microglobulin (β2m)15. How the amyloid structure(s) of
these proteins relate to the structures of their folded, functional
forms and to the architecture of amyloid ﬁbrils assembled from
intrinsically disordered precursors remained unclear.
In its native, functional state, β2m forms a canonical, seven
β-stranded immunoglobulin fold that chaperones the folding and
assembly of class 1 major histocompatibility complex (MHC-1).
MHC-1 is found on the surface of all nucleated cells and is
essential for immunity16. Following dissociation from MHC-1,
β2m is normally cleared by the kidneys, but in patients with
impaired kidney function who are undergoing long-term hae-
modialysis, serum levels of β2m rise as much as 40-fold17. This
leads to aggregation of β2m and its deposition as amyloid ﬁbrils in
the joints18. The associated disease, dialysis-related amyloidosis
(DRA), is marked by debilitating arthritis and bone damage17.
The major protein component of amyloid deposits in DRA is
wild-type β2m (~70%), together with several truncation products,
the most prominent of which involves deletion of six amino acids
from the N-terminus of the protein, generating the highly amy-
loidogenic variant, ΔN6 (~30%)19. Fibrils formed from β2m
in vitro have been shown to disrupt membranes20,21, perturb
endosomal–lysosomal trafﬁcking22, and reduce the viability and/
or function of monocytes, chondrocytes, osteoblasts, and osteo-
clasts23, implicating ﬁbril deposition in disease.
The formation of amyloid ﬁbrils from β2m in vitro at phy-
siological pH requires partial unfolding, speciﬁcally involving the
cis–trans isomerisation of Pro32, and the formation of an
unstable, non-native state that nonetheless retains its immu-
noglobulin fold24,25. Retention of the single disulﬁde bond which
links residues Cys25 and Cys80 in the native state is also required
for amyloid formation in vitro26, and this disulﬁde is intact in
ﬁbrils in vivo27. Despite being the major component of amyloid
ﬁbrils in DRA deposits, wild-type β2m is resistant to aggregation
in vitro unless the protein is ﬁrst unfolded by lowering the pH or
adding co-solvents or other additives. Fibrils generated at low pH
in vitro bind collagen, glycosaminoglycans, and serum amyloid P
component, akin to their biological counterparts28,29 and possess
similar secondary structure as judged by FTIR30. However,
despite this plethora of studies, including preliminary analysis
using MAS-NMR31, the structure of β2m amyloid remained
unsolved, leaving unanswered questions as to how the initially all
anti-parallel β-sheet structure of the native protein is remodelled
when forming an amyloid ﬁbril. Here, we created ﬁbrils from β2m
at low pH in vitro and, by combining assignment and distance
constraints obtained using MAS-NMR with cryo-EM analysis, we
solved their structure to near-atomic resolution. The results reveal
the conformational changes that occur as the protein forms
amyloid, and show how different packing of the same subunit
fold generates β2m ﬁbril polymorphism.
Results
β2m ﬁbrils contain a single subunit fold. MAS-NMR and
electron paramagnetic resonance (EPR) studies can both provide
precise distance constraints to describe the structural properties
of proteins in solution32,33. Previous MAS-NMR and EPR studies
have shown that the N-terminal ~10 residues of β2m in ﬁbrils
generated at low pH in vitro are highly ﬂexible31,34,35, consistent
with limited proteolysis36, and H/D exchange data37. To gain
more insight into the conformation of β2m within the core of
these amyloid ﬁbrils, we conducted an extensive series of 2D and
3D MAS-NMR studies on ﬁbrils grown from β2m monomers
labelled speciﬁcally or uniformly with 15N and 13C (Methods).
Using these different labelling strategies, we were able to assign
>90% of the heavy atoms for residues F22–S88 consistent with
these residues forming the ordered core of β2m in the ﬁbrillar
state (Fig. 1). Crucially, with the exception of T68, a single set of
resonances was detected for residues within this core region
(Fig. 1b–d and Supplementary Figure 1), unambiguously showing
that the ﬁbrils contain β2m subunits that have a single well-
deﬁned tertiary structure.
Cryo-EM structure of β2m amyloid ﬁbrils. β2m ﬁbrils generated
under identical conditions were also analysed by cryo-EM. The
resulting images revealed untangled, long, and straight ﬁbrils
(Fig. 2). Despite the unambiguous evidence from MAS-NMR for
a single conformation of β2m in the ﬁbrillar state, when visualised
directly the ﬁbrils display a broad range of morphologies, char-
acterised by different widths and crossover lengths. The most
common type observed (56% of the ﬁbrils analysed (Supple-
mentary Table 1)), had easy-to-identify crossovers and appeared
to be formed from two protoﬁlaments (Fig. 2a). Computational
averaging of >90,000 segments generated classes that displayed
the 4.8 Å repeat characteristic of stacked β-strands in amyloid
(Fig. 2a (inset)). The ﬁbrils exhibit poor helical order with large
variations in pitch. This is exhibited by large variations in
crossover distances (the distance between the points where a
visible cross-over is observed in the twisting ﬁbril (equal to half
the true helical pitch)), of between 100 and 150 nm. This varia-
tion is observed both within individual ﬁbrils and between dif-
ferent ﬁbrils in the same preparation, consistent with previous
observations38. After extensive 2D and 3D classiﬁcation to pro-
duce a dataset of ﬁbril segments with consistent crossover length,
followed by 3D reﬁnement with helical symmetry in
RELION39,40, we generated a cryo-EM structure for a two pro-
toﬁlament ﬁbril at 3.9 Å resolution (Fig. 2b and Methods).
The β2m amyloid ﬁbril has two protoﬁlaments. The cryo-EM
density revealed that the β2m ﬁbril is comprised of two proto-
ﬁlaments arranged in parallel (Fig. 3b) and is built from discrete
layers of density. Each layer is related by a twist of −0.608° and
rise of 4.83 Å, giving the ﬁbril a left-handed twist, which was
veriﬁed using scanning electron microscopy (SEM) (Supple-
mentary Figure 2). Each layer contains two β2m molecules (one
per protoﬁlament) resulting in a mass-per-length of 53.3 kDa/nm,
consistent with previous scanning (STEM) and tilted beam (TB-
TEM) electron microscopy measurements38,41. The quality of the
EM density was sufﬁcient to build an atomic model for the
ordered core of the β2m subunit (Fig. 3). The subunits in each
protoﬁlament have an identical conformation that is related by a
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180° rotation along the ﬁbril long axis (C2 symmetry). The sub-
units within the two protoﬁlaments are therefore stacked in-
register with each other. The β2m subunits have an ordered,
L-shaped core formed by residues 22–85 (Fig. 3d). This con-
formation is consistent with the MAS-NMR data, including a
total of 1157 unique distance constraints (Fig. 3e; Supplementary
Figure 3; Supplementary Tables 2–5). These data provide an
orthogonal validation of the cryo-EM structure of the amyloid
subunits presented here, including the length and position of β-
strands (Fig. 4a–c). These constraints include intra-residue con-
tacts (tabulated in Supplementary Table 2), as well as contacts
between atoms in adjacent residues in the primary sequence
(green in Fig. 3e; Supplementary Table 3), between atoms in
residues close in the primary sequence (2–4 residues apart; orange
in Fig. 3e; Supplementary Table 4), and between atoms in residues
far apart in the primary sequence (>5 residues; red in Fig. 3e;
Supplementary Table 5). Overall, these results show that in the
ﬁbril, the 100-residue β2m molecule contains a dynamic region
(M0 to ~V9), a region containing residues with intermediate
ﬂexibility (Y10–N21 and Q89–M99) and a rigid core (F22–S88),
consistent with previous EPR35, N-ethylmalemide-labelling35, H/
D exchange19,37, and proteolysis19,36 studies.
Similar secondary structure elements build distinct tertiary
folds. In its native functional state, β2m has an immunoglobulin
fold that contains seven anti-parallel β-strands (A–G; Fig. 4a, c)42.
By contrast, each β2m molecule in the ﬁbril has six β-strands
(strands 1–6; Fig. 4b, c) which are stacked parallel and in-register
in the ﬁbril core, consistent with previous MAS-NMR31 and
EPR35 data. Remarkably, these β-strands correspond extremely
well in position to β-strands B–F in the native protein, although
the length of the ﬁbrillar β-strands 1 and 2 are shorter than the
corresponding β-strands B and C in the native β2m fold (Fig. 4b,
c). Thus, the ﬁbrillar conformation is built from substantially the
same secondary structural elements as the native conformation.
Interestingly, recent MAS-NMR studies of a naturally-occurring
variant of β2m (D76N), which causes systemic amyloid disease in
the absence of kidney failure43, has a different number and
location of its β-strands44. This suggests that the ﬁbrils formed
from D76N monomers, and perhaps those of other variants such
as ΔN634, may adopt ﬁbrillar structures different from those
presented here for the wild-type protein. This is further supported
by the fact that whilst D76N and ΔN6 β2m assemble rapidly into
ﬁbrils at pH 6–7, low pH was used here to generate ﬁbrils from
the wild-type protein since this sequence does not aggregate at
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Fig. 1MAS-NMR spectra of β2m ﬁbrils show a single subunit structure. a Excerpt of a 2D 13C–13C MAS spectrum of uniformly [13C/15N]-labelled β2m ﬁbrils
using 15ms PAR mixing recorded at a ﬁeld strength corresponding to ω0H/2π= 900MHz, T= 268 K, and ωr/2π= 20 kHz. τmix= 15 ms, with an 83 kHz 1H
decoupling ﬁeld applied during acquisition. b, c, d Cα–Cβ correlations of Ser/Thr residues in samples differentially labelled with 13C, as indicated for each
plot. For each Ser and Thr only one correlation should be present in a monomorphic sample. Since β2m has 5 Thr and 9 Ser residues, a total of 14
resonances should be observed. For Ser, 6/9 expected peaks (S28, S52, S55, S57, S61, and S88) are observed. S33 is not resolved, since its Cα and Cβ
chemical shifts are identical, i.e. the cross-peak overlaps with the diagonal peak. S11 is unobserved since it is part of the region of intermediate ﬂexibility.
We observed a weak peak that is not connected to any other residues and is believed to stem from S20. For threonine, 4 cross-peaks are expected (T68,
T71, T73, T86), since T4 is part of the very ﬂexible N-terminus and is not observed. However, 5 cross-peaks are observed. The cross-peak of T68 exhibits
doubling, presumably reﬂecting local structural perturbations for different polymorphs (see main text). Grey peak designations are included as a reference
for missing peaks in this spectrum or which lie below the plotting level used. These differences are a result of the different labelling schemes and mixing
efﬁciencies
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neutral pH unless destabilised by the addition of metal ions,
detergents, or co-organic solvents45. In accord with this view,
previous results have shown that β2m ﬁbrils formed at low pH
rapidly depolymerise by shedding oligomers from their ends
when the pH is raised46, presumably because the deprotonation
of E44 and D76 in the ﬁbril core destabilises the parallel in-
register stacking of its β-strands. The N-terminal 22 residues and
C-terminal 14 residues are disordered in the cryo-EM structure
(Fig. 4d), and β-strands A and G in the native structure which lie
in these regions are not seen at high resolution in the cryo-EM
structure. However, additional weak density corresponding to
these regions is observed, consistent with the residues involved
being poorly ordered, but localised close to the ﬁbril surface
(Fig. 4d).
Molecular interactions stabilising the subunit and ﬁbril. The
MAS-NMR and cryo-EM data collectively allowed us to build and
validate a unique structural model for the ﬁbrillar subunit of β2m
that reveals details of both the intra- and inter-subunit interac-
tions that stabilise the protoﬁlament and ﬁbril structures (Fig. 5).
Features found in other amyloid ﬁbrils were observed10–14, as
well as interactions unique to β2m ﬁbrils. The canonical, parallel
in-register cross-β structure is maintained down the ﬁbril long
axis by networks of hydrogen bonds between backbone atoms in
the β-strands, supported by extensive π-stacking interactions
between the aromatic residues Phe22, Tyr26, Phe30, Phe56,
Trp60, Phe62, Phe70, and Tyr78 along the length of the
core (Supplementary Figure 4), as observed in other amyloid
ﬁbrils10–14,47–49. The β-strand-containing regions (strands 2 and
5) in the foot of the subunit (for nomenclature, see Fig. 3d) are
stabilised by a classic steric zipper formed by residues
Trp60–Leu39–Phe62–Val37–Leu64–Ile35 (Fig. 5a) in which the
surface shape complementarity50 is as high as that seen in zippers
formed from small peptides (Sc= 0.80–0.869; Supplementary
Figure 5). This zipper is capped on each end by hydrophobic
pairings between Phe56/Leu40 and Leu65/Phe70 (Fig. 5a). The
adjacent ‘toe’ region of the subunit (residues 46–54) is stabilised
by hydrophobic interactions between Ile46, Val49, and Leu54
(Fig. 5b). The ‘leg’ (residues Thr71–Arg68 and Phe22–Ser33,
including β-strands 1 and 6) contains the intramolecular disulﬁde
bond (Cys25–Cys80) that is found in the native protein and is
required for ﬁbril formation in vitro51 and in vivo52. This region
is further stabilised by hydrophobic interactions between Phe30,
Val27, and Tyr78 (Fig. 5c). Residues Glu44 and Asp76 which will
be protonated at the pH at which these ﬁbrils were grown, are
packed in the core of the ﬁbril, while other charged side chains
are solvent exposed. Residue Pro32, which is in a cis conforma-
tion in the native β2m fold, is in a trans conformation in the ﬁbril,
in accordance with the MAS-NMR data32. Finally, each subunit is
stabilised by an unusual face-to-face, three-ring π-stack (Tyr63,
Tyr66, and Tyr67) perpendicular to the ﬁbril axis which kinks the
polypeptide backbone in the region where the protoﬁlaments
meet (Fig. 5c). The average centroid–centroid distance between
rings of Tyr63/Tyr66 and Tyr66/Tyr67 is ~4.8 Å. This perpen-
dicular π-stacking not only stabilises each subunit, but provides
additional stabilising interactions between protoﬁlaments, which
associate via the heels of two subunits, forming an interface that is
unlike that seen for any other amyloid ﬁbril to date. The main
stabilising interaction appears to be an inter-molecular H-bond
between Tyr67 and Glu69 (Glu69 is protonated at low pH),
facilitated by the kinked conformation of the polypeptide chain
(Fig. 5c). The distance between Tyr67 rings across the
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Fig. 3 The structure of a β2m amyloid ﬁbril. a Oblique view of the cryo-EM map, with four layers of a de novo atomic model built into each protoﬁlament
(coloured pink and blue). The view matches the green section in Fig. 2b. b Cross-section and c side view of a single layer of the atomic model, showing the
ﬁt of model to density across the β2m subunit. d Schematic view of a single β2m subunit showing polar (purple), hydrophobic (cyan), and aromatic residues
(orange) in the ﬁbril core. The position of β-strands is indicated by a blue backbone in the schematic, together with the locations of the toe, foot, heel, and
leg terminology used to describe the structure in the main text. e Distance constraints from the MAS-NMR data mapped onto the atomic model derived by
cryo-EM
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Fig. 2 The cryo-EM structure of a two protoﬁlament β2m amyloid ﬁbril.
a Raw cryo-EM image of a β2m ﬁbril in vitreous ice. The scale bar is 50 Å in
length. Inset: an average of ﬁbril segments shows periodicity which is
perpendicular to the ﬁbril long axis with a ~4.8 Å spacing. b One turn of the
β2m amyloid ﬁbril, with the two protoﬁlaments coloured red and blue. See
also Supplementary movie 1
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protoﬁlament interface is ~7.6 Å, suggesting that π-stacking (and
perhaps π-amide) interactions across the interface would make
only a minor contribution to overall ﬁbril stability (Supplemen-
tary Table 6). However, given that this small stabilisation would
be multiplied by the enormous number of these interactions
running down the ﬁbril axis, its contribution is likely to be
signiﬁcant.
β2m ﬁbrils have a wide range of morphologies. Detailed analysis
of the cryo-EM dataset enabled at least six different ﬁbril
morphologies with varying diameters and twists to be identiﬁed
within the same sample (Supplementary Table 1, Fig. 6a–f),
despite only a single set of resonances being observed by MAS-
NMR (Fig. 1). However, this underestimates the true extent of
heterogeneity, since many further examples were observed by
cryo-EM in which all ﬁbril types were twisted together or inter-
twined (Supplementary Figure 6), including large-scale aggregates
which are also observed on the EM grids. Such heterogeneity
deﬁes classiﬁcation beyond ‘higher order aggregate’. To explore
the molecular basis for the different morphological classes
observed, we determined 3D reconstructions (see Methods) for a
second ﬁbril morphology, although at much lower resolution
owing to greater heterogeneity and the relative scarcity of this
ﬁbril type in the dataset. These thin ﬁbrils (Fig. 6a) have the same
L-shaped subunit cross-section described above (Fig. 6g, h) and
are formed from a single protoﬁlament. The resolution of this
structure is difﬁcult to assess, owing to the very high symmetry
applied during reconstruction and the lack of features which are
resolvable in the ﬁbril structure at intermediate resolution.
However, the gap between the two β-strands within a subunit is
poorly resolved, suggesting a resolution of ~10 Å. Kinetic studies
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followed by a contour at 0.035 (blue), 0.030 (green), and 0.025 (red), which show the position of weaker, less-ordered density
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of ﬁbril growth using AFM showed that these ﬁbrils are able to
assemble into thicker ﬁbrils on an hour-to-day timescale (Sup-
plementary Figure 7). The thicker ﬁbrils (Fig. 6d–f) appear to be
formed by the intertwining of two ﬁbrils of type C described
above (i.e. they create a four protoﬁlament ﬁbril). The rarity of
these ﬁbril types precluded structural modelling in more detail.
However, given that a single NMR resonance is observed for each
residue in the ﬁbril core all polymorphs must be built from the
same canonical, L-shaped building block. Notably, the Cα–Cβ
resonance of Thr68 is the only resonance that is doubled in the
NMR spectra (Fig. 1b–d). This residue lies in the kinked region at
the heel of the subunit (Fig. 2d) and presumably reports on local
perturbations at this site in the different ﬁbril polymorphs.
Discussion
Comparing the β2m ﬁbril structure presented here with other
recent high-resolution structures of amyloid ﬁbrils (Fig. 7 and
Supplementary Table 7)10,12–14,47–49,53–55 highlights both com-
monalities in structure between members of the amyloid fold
family, as well as key distinctions that reﬂect the disparate protein
sequences involved. The latter may underlie the different loca-
tions of ﬁbril deposition in vivo, and hence the different diseases
caused by amyloid deposits formed from the same protein
precursor1,15. Despite the lack of any sequence similarity, the β2m
ﬁbrils described here bear a marked resemblance to the paired
helical and straight ﬁlaments (PHF and SF) of Tau11 with their C-
shaped subunits (Fig. 7), which contrasts markedly with the
straight stacked β-strand architecture seen in ﬁbrils formed from
short 5–10 aa peptides9. Similar convoluted C-shaped subunits
have been seen in ﬁbrils formed from Aβ42 and α-synuclein
(Fig. 7). However, the ordered core of β2m subunits is L-shaped,
and stabilised by different interactions than those seen in other
ﬁbrils. For example, the toe of the Tau PHF subunit is formed by
a β-helix, but in β2m ﬁbrils this region involves a turn stabilised
by hydrophobic packing of Ile46, Val49, and Leu54 (Fig. 5). β2m
amyloid ﬁbrils contain a steric zipper motif, in common with all
high-resolution amyloid ﬁbril structures to date, which contain
steric zipper53,56 or zipper-like48,49 motifs, although these differ
in length and sequence. However, of all ﬁbrils structures solved to
date only β2m ﬁbrils are stabilised by a disulﬁde bond (Fig. 5d).
Interestingly, reduced β2m cannot form canonical long, straight
amyloid ﬁbrils in vitro51,57, and reducing agents do not dis-
aggregate preformed ﬁbrils27, consistent with the buried location
of the disulﬁde bond in the structure presented here.
Also unique to the β2m ﬁbrils is the ladder of six tyrosine
residues (Tyr63, Tyr66, and Tyr67 from each protoﬁlament) that
form an extended π-stack perpendicular to the ﬁbril axis (Fig. 5c).
This six ring π-stack at the interprotoﬁlament interface is also
different from the interfaces found in other ﬁbrils, which involve
steric zippers (α-synuclein12,13 and Aβ40/Aβ4210), and backbone
hydrogen bonding or coordination of the disordered terminus in
different polymorphs of Tau in Alzheimer’s disease (Supple-
mentary Table 7)11. Although π-stacking down the ﬁbril long axis
is common in these amyloid ﬁbrils, we know of no other exam-
ples of ﬁbrils with perpendicular π-stacks in this manner. An
analysis of the available structures in the RCSB PDB suggests that
stabilisation of interchain interfaces by π-stacking is uncommon.
Indeed, an analysis of 136,162 structures (Supplementary
Tables 8, 9) showed that the only interchain interactions invol-
ving four or more face-to-face aromatic rings were found stacked
along the ﬁbril axis of other amyloid ﬁbrils (Supplementary
Table 9, Supplementary Figure 8b). Even intrachain, face-to-face
π-stacks containing four or more rings were rare; only found
running down the axes of β-helices (Supplementary Figure 8a), in
an unnamed motif common to lectins (Supplementary Figure 8c),
and a formyltetrahydrofolate deformylase (PDB 3nrb) which has
a unique face-to-face stack made up of tyrosine and phenylala-
nine residues (Supplementary Figure 8d).
The molecular details of the β2m ﬁbril structure presented here
allow interpretation of previous mutagenesis data, particularly in
light of the regions involved in stabilising the subunit structure
and protoﬁlament interface. The E-strand (residues
Phe62–Phe70) of native β2m has long been identiﬁed as a region
of high amyloidogenicity35,58. Accordingly, short peptides derived
from this region rapidly assemble into amyloid-like ﬁbrils while
other β2m-derived peptides are not able to do so, or form ﬁbrils
with structures unrelated to those formed by the full-length
protein59. These results are consistent with the central role that
the E strand sequence plays in the ﬁbril subunit structure and
interprotoﬁlament interface revealed here. For example, the
F62A, Y63A, Y67A triple mutant protein is unable to form ﬁbrils
at low pH, and the L65A and F70A variants of β2m are severely
compromised both in their ability to form ﬁbrils and to elongate
wild-type seeds58, presumably because they disrupt the stability of
the inter-protoﬁlament interface, as well as the core subunit
structure itself. The L40R variant is poor at elongating wild-type
seeds, but is able to form ﬁbrils on its own58. This residue is
involved in the steric zipper stabilising the subunit of the wild-
type ﬁbril, suggesting the possibility of the L40R variant forming a
different ﬁbril morphology. Finally, the natural variant D76N that
forms a systemic amyloidosis of the viscera43 is found in the
subunit core in a region stabilised by an array of hydrophobic
interactions. This raises the possibility that D76N ﬁbrils form a
different structure to that presented here for the wild-type
g h
fedcba
Fig. 6 Variety in ﬁbril morphology. Six different morphologies were
identiﬁed in the non-entangled ﬁbrils constituting the cryo-EM dataset.
These range in size from apparent single protoﬁlaments (a), through a
series of apparent two protoﬁlament ﬁbrils (b–d), the structure of one of
which has been described here at 3.9 Å resolution (panel c), to assemblies
of multiple protoﬁlaments (e, f). Each panel (a–f) is 500 Å wide. Side view
(g) and cross-section through (h) a low-resolution reconstruction of
morphology (a) showing density consistent with an L-shaped subunit. Each
scale bar in panels (g) and (h) is 50 Å in length
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protein, consistent with MAS-NMR data of the location of β-
strands in D76N ﬁbrils formed in vitro44; that cross-seeding wild-
type β2m monomers with D76N results in ﬁbrils distinct from
those formed by polymerisation of wild-type protein alone60 and
that co-polymerisation of D76N and wild-type β2m does not
occur in heterozygous individuals with D76N amyloidosis43.
Common pathways of aggregation via nucleated assembly
underlie amyloid formation in a diverse range of unrelated
proteins61,62, including more than 50 sequences involved in
human amyloid disease1. The ﬁrst glimpses of the amyloid fold
family from recent MAS-NMR and cryo-EM studies have also
revealed remarkable similarities in the helical, cross-β, multi-
protoﬁlament architecture of amyloid ﬁbrils, despite wide dis-
parities in the protein sequences involved. The β2m ﬁbril
described here shows several of the structural motifs found in
other ﬁbrils solved to date: a cross-β architecture, parallel in-
register stacking of β-strands, two protoﬁlaments, subunit stabi-
lisation by hydrophobic packing, and steric zippers. However, the
β2m ﬁbril also contains features that are strikingly different:
protoﬁlament interfaces stabilised by inter-sidechain H-bonds,
subunit stabilisation by extensive π-stacking interactions and an
essential disulﬁde bond. We also show that different ﬁbril poly-
morphs can be formed from a common subunit structure, as
shown previously for different ﬁbril structures formed from short
peptide fragments of antibody light chains63 and transthyretin64.
There are thus multiple mechanisms by which a sequence can
achieve a stable cross-β architecture. Understanding the details of
the resulting structures may provide insights into how amyloid
ﬁbril formation relates to disease65, as well as providing
inspiration for the development of small molecules that interact
with aggregation to impede or accelerate the formation of indi-
vidual ﬁbril types66.
Methods
Preparation of β2m ﬁbrils. β2m was recombinantly-expressed in Escherichia coli.
Samples for cryo-EM were grown in LB medium38, while isotopically labelled
samples used for MAS-NMR were grown in M9 or HCDM1 medium with a single
carbon and nitrogen source. All MAS-NMR samples used for this study were
uniformly 15N labelled using 15NH4Cl (Cambridge Isotope Laboratory (CIL)). A
total of 5 samples were generated using different carbon sources: (1) [u-13C, u-
15N]-β2m using [13C6]-glucose, (2) [1,6-13C2, u-15N]-β2m using [1,6-13C2]-glucose,
(3) [1,3-13C2, u-15N]-β2m using [1,3-13C2]-glycerol, (4) [2-13C1, u-15N]-β2m using
[2-13C1]-glycerol, and (5) [13C-VYL, u-15N]-β2m using [13C, 15N]-VYL. Fibrils for
cryo-EM were formed by dissolving puriﬁed, monomeric β2m in buffer containing
25 mM sodium phosphate, 25 mM sodium acetate pH 2.5, and 0.03% (w/v) NaN3
at 0.25 mg/mL (21 µM) β2m and incubating quiescently for 5 weeks at 37 °C. For
MAS-NMR, de novo wild-type β2m ﬁbrils were generated by re-suspending lyo-
philised protein in 25 mM sodium phosphate, 25 mM sodium acetate buffer at pH
2.5, containing 50 mM NaCl, 0.02 % (w/v) NaN3 at a concentration of 83 μΜ.
Several samples of 1 mL were incubated each in 2 mL Eppendorf tubes at 37 °C
with 200 rpm orbital shaking for 14 days. The samples were collated and trans-
ferred to a single tube and ﬁbrils then pelleted by 30 min centrifugation at 14,000g
using a bench-top centrifuge. Control experiments using MAS-NMR showed that
identical spectra were obtained when ﬁbrils were grown in the presence of 50 mM
NaCl. The long, straight morphology of each ﬁbril preparation was conﬁrmed
using EM and/or AFM.
MAS-NMR experiments. Isotopically labelled samples were individually packed
into a 3.2 mm Bruker rotor (Bruker BioSpin, Billerica, MA) using a home-built
centrifugal packing tool. Typically, ∼30 mg of hydrated β2m ﬁbrils were needed for
a fully packed rotor.
Chemical shift assignment. 13C and 15N chemical shifts of the resonances arising
from residues in the ﬁbril core of β2m were assigned using multi-dimensional
assignment spectra conducive to backbone sequential walks as previously pub-
lished53. Brieﬂy, a set of 3D NCACX, 3D NCOCX, and 3D CONCA spectra were
acquired on a Cambridge Instruments 750MHz spectrometer operating under
RNMR (courtesy of Dr. David Ruben). The spectra were recorded at ωr/2π= 12.5
kHz and regulated to ±10 Hz using a Bruker MAS I spinning frequency controller.
DARR mixing was used for the 3D NCACX (τmix= 60 ms) and 3D NCOCX
(τmix= 80 ms). Additionally, 3D NNCα experiments were acquired on Bruker 800
and 900MHz AVANCE III spectrometers equipped with a 3.2 mm triple channel
HCN Bruker probe (Bruker Biospin, Billerica, MA). Spectra were recorded at ωr/
2π= 20 kHz and regulated to ±10 Hz using a Bruker MAS II spinning frequency
controller. The 15 ms 15N–15N PAR mixing used radio frequency (RF) ﬁelds of
ω1H/2π= 55.4 kHz and ω15N/2π= 32.2 kHz. Spectra recorded at ω0H/2π=
750MHz were processed with the NMRPipe software package, while spectra
recorded at ω0H/2π= 800 and 900MHz were processed using TopSpin 3.2. All
spectra were analysed in Sparky. 13C and 15N chemical shifts were referenced using
the published shifts of adamantine relative to DSS for 13C referencing and the
IUPAC relative frequency ratios between DSS (13C) and liquid ammonia (15N). A
list of acquisition and processing parameters with additional references can be
found in Supplementary Tables 10 & 11. All experiments were conducted at 268 K.
Distance constraints from MAS-NMR spectroscopy. A total of 1157 contacts
were observed, of which 399 were classiﬁed as intra-residue, 385 as sequential, 229
as medium-range, and 144 as long-range contacts. These contacts were extracted
from a total of 19 2D 13C–13C and 13C–15N correlations. We recorded 13C–13C-
PDSD, 13C–13C-PAR, 13C–13C-RFDR, and 13C–15N-PAIN spectra on almost all
isotopically labelled samples. A full list of acquisition and processing parameters
with additional references can be found in Supplementary Tables 10, 11.
Cryo-EM grid preparation. β2m ﬁbrils were diluted 1:10 with ﬁbril buffer to a ﬁnal
concentration of 0.025 mg/mL (2.1 µM) monomer equivalent concentration. A 300
mesh copper EM grid with Quantifoil R3.5/1 carbon ﬁlm (Electron Microscopy
Services) was glow discharged in a Cressington 208 carbon evaporator ﬁtted with a
glow discharge unit for 1 min at 10 mA power. Four microlitres of the sample was
applied to the grid, which was then blotted with Whatman #40 ﬁlter paper and
plunge-frozen in liquid ethane using an EM-GP plunge freezer (Leica).
EM data collection. EM images were collected using a Titan Krios (ThermoFisher)
electron microscope operating at 300 keV and recorded on an energy ﬁltered K2
Aβ1-42 α-synucleinTau - SFTau - PHFβ2-microglobulin
a b c d e
Fig. 7 Inter-protoﬁlament interactions in cryo-EM structures of amyloid ﬁbrils. Comparisons of the subunit structures (upper) and interfaces between
protoﬁlaments (boxes) of a β2m, Tau variants11 that form b paired helical ﬁlaments (PHF) and c straight ﬁlaments (SF), d Aβ1–4210 and e α-synuclein13. The
β-strands present in each structure are coloured blue. Fibrils were analysed from the following PDB ﬁles: Tau PHF (5o3l), Tau SF (5o3t), Aβ1–42 (5oqv), and
α-synuclein (6h6b)
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direct detector (Gatan) with a pixel size of 1.06 Å/pixel. 5549 micrographs were
recorded in two sets with total electron doses of 42.3 and 35.8 e−/Å2. The dose was
fractionated into 40 frames for per frame doses of 1.05 and 0.89 e−/Å2 respectively.
Of the 5549 micrographs collected, 2012 (~36%) contain ﬁbrils.
Data processing. Frames 3–40 of each micrograph movie were motion-corrected,
dose weighted67, and merged using motioncor268. The contrast transfer function
(CTF) for each micrograph was determined using gCTF69 on motion-corrected,
but non-dose weighted, micrographs.
Helical reconstruction. All reconstruction was performed using Relion2.140. As
the micrographs contained multiple ﬁbril morphologies, ﬁbrils with a similar gross
morphology were ﬁrst selected by eye. The selected ﬁbrils were segmented into
300 × 300 pixel boxes overlapping by 90% (270 px). One round of 2D classiﬁcation
was performed; only class averages showing an obvious β-sheet repeat (Fig. 1a—
inset) were retained. An initial round of 3D classiﬁcation was performed using a
previous, low-resolution structure of β2m ﬁbrils (EMD-161338) ﬁltered to 60 Å as a
reference. Multiple rounds of 3D classiﬁcation were then performed with the best
model from the previous iteration ﬁltered to 40 Å as a reference. Initial helical
symmetry parameters were estimated from measurements of the ﬁbril and reﬁned
with local symmetry searches. The possibility of the ﬁbrils having a 21 screw axis
symmetry was also explored; after initial helical symmetry parameters were
determined, a new set of local symmetry searches were performed using the
equivalent 21 screw axis helical parameters. In all cases, this resulted in lower
resolution structures with obvious artefacts from the application of incorrect
symmetry (Supplementary Figure 9). Exhaustive symmetry searches were per-
formed around the initial symmetry parameters to further reﬁne the helical sym-
metry. There is some anisotropy in the Z dimension of the reconstruction which
means we cannot completely preclude the possibility of the reﬁnement having
converged to a local optimum or having slightly symmetry parameters.
When no further improvement was observed in the classes generated from 3D
classiﬁcation the particles that contributed to the best class were traced back to
their original micrographs and those ﬁbrils containing long runs of contributing
segments were re-segmented using the original parameters. Multiple rounds of 3D
classiﬁcation were then again used to generate an optimised particle stack for the
ﬁnal reﬁnement.
All 3D classiﬁcation was performed using a T value39 of 4. A previous ﬁbril
reconstruction11 reported the necessity of using higher T values to separate ﬁbril
morphologies but this was not found to be necessary for this dataset.
One round of reﬁnement with the helical symmetry parameters of 4.83 Å rise
and −0.608° twist yielded the initial ﬁbril map at 4.2 Å resolution. The ﬁnal map
was generated using the same helical parameters with an additional C2 symmetry
applied across the ﬁbril axis, giving a ﬁnal model at 3.9 Å resolution by gold
standard FSC70. Classiﬁcation and reﬁnement were performed using 30% for the
‘helical_z_percentage’ parameter40, and ﬁnal post-processing was performed with a
value of 10%.
A lower resolution reconstruction of the single protoﬁlament ﬁbril polymorph
was made using the above methods, except a T value of 20 was used for 3D
classiﬁcation, the backtracking and re-extraction steps were omitted, and no post-
processing was performed. The absolute handedness off the low-resolution
reconstruction was not determined, and the ﬁbril was assumed to be left-handed.
The resolution of this reconstructions was estimated to be 6.7 Å by analysis of
correlation between neighbouring Fourier pixels using the program rmeasure71,
although the overall appearance the reconstructions, judged by the features that can
be resolved suggests these resolution estimates are substantially overestimated due
to the high symmetry applied.
Model building and reﬁnement. A single chain of β2m was built and manually
reﬁned using COOT72 and 7 copies of the resulting model ﬁt into the EM map
using UCSF Chimera73 to preserve nearest neighbour interactions during sub-
sequent reﬁnement steps. The resulting stack of 8 subunits was then subjected to
multiple rounds of real space reﬁnement with NCS restraints in Phenix74. Initial
reﬁnement iterations were performed with no secondary structure restraints, the
results of each round of reﬁnement were analysed with STRIDE75 to detect sec-
ondary structure elements. Distance restraints obtained from the MAS-NMR
experiments were used to restrain backbone torsion angles during the ﬁnal stages of
reﬁnement. All reﬁnements were performed using map information to 4.0 Å
resolution. For ﬁnal statistics of the reﬁned model, see Supplementary Table 12.
Surface complementarity of the steric zipper within this model was calculated using
the program SC using default parameters.
Searching the PDB for π-stacking interactions. A python script was written to
analyse all of the structures deposited in the RCSB PDB and search for π-stacking
interactions similar to those found in the ﬁbril structure. The ring centre for Phe
and Tyr residues was deﬁned as the point central to the six atoms that make up the
ring (CG, CD1, CD2, CE1, CE2, and CZ) and the ring centre for Trp was deﬁned as
the point central to atoms CD2 and CE2. A ‘face-normal’ vector was used to deﬁne
the orientation of each ring, calculated as the cross product of the centre to CG and
centre to CD1 vectors for Phe/Tyr and centre to CD1 and centre to CD2 for Trp
(Supplementary Figure 10). Two residues were deﬁned to have a face-to-face π-
stacking interaction if the centre-to-centre distance was less the 6 Å and difference
between face normal vectors 0 ± 20° or 180 ± 20°. The script was then run on all of
the structures deposited in the PDB, downloaded on the 17th of January, 2018. The
resulting π-stack interactions predicted to involve greater than 5 rings were
manually examined and curated.
Scanning electron microscopy. β2m ﬁbrils were adsorbed onto a copper EM grid
coated with a layer of amorphous carbon and lightly stained with 1% (w/v) uranyl
acetate. The ﬁbril morphology was conﬁrmed using transmission electron micro-
scopy (TEM) and then SEM imaging conducted with a Hitachi SU-8230 cold ﬁeld
emission scanning electron microscope (CFE-SEM) operated at 3.5 keV with beam
deceleration of 1.5 keV. Images were recorded at a nominal magniﬁcation of
250,000× yielding a pixel size of 3.9 Å/px.
Fibril sample preparation for AFM studies. Fibril seeds were prepared by stirring
a sample (500 μL) of lyophilised wild-type β2m re-suspended in a buffer of 10 mM
sodium phosphate pH 2.0 containing 50 mM NaCl at a concentration of 120 μΜ, in
a 1.5 mL glass vial containing a PTFE magnetic stirrer. Stirring was performed in a
custom made magnetic stirrer built by the Department of Physics and Astronomy
(University of Leeds) at 1000 rpm in room temperature for 2 days. To monitor the
time course of ﬁbril elongation, lyophilised wild-type β2m was re-suspended in the
same buffer at a concentration of 120 μΜ with 10% (v/v) of seeds added. At various
timepoints during ﬁbril elongation, ﬁbrils were deposited on mica surfaces. To
ensure uniform coverage and dispersion of the entire surface, the sample was
diluted to 0.4 μΜ with freshly made sterile ﬁltered deionised water. A drop of 20 μL
sample was deposited on the mica surface followed by incubation for 5 min. The
surface was washed by pipetting quickly 1 mL of sterile water and was then
immediately dried by applying a gentle steam of N2 gas.
Atomic force microscopy. Tapping-mode atomic force microscopy was per-
formed utilising a Dimension 3100 Scanning Probe Microscope (Veeco Instru-
ments) and PPP-NCLR silicon cantilever probes (Nanosensors, Neuchatel,
Switzerland). The images collected were 10 × 10 μm in each dimension (1024 ×
1024 pixels) in height trace mode (scan rate was constant at 0.80 Hz). Acquisition
of the image was followed by processing using the NanoScope 6.13rl software to
remove surface tilt and scanner bow (by application of a 3rd order polynomial
planeﬁt).
Analysis of AFM images. AFM images were analysed using scripts61 written in
MATLAB (Mathworks). Brieﬂy, only ﬁbrils that do not interfere with the image
boundaries, do not overlap with neighbouring ﬁbrils, are 4–7 pixels in width and at
least 4 pixels in length were unambiguously traced. The length distribution that is
biased towards shorter ﬁbrils was then bias-corrected76. A Weibull probability
density function, found to best describe such a distribution was applied to ﬁt the
bias-corrected data and thus length parameters could be calculated. At least 300
ﬁbrils were analysed for each elongation time-point.
Code availability. The script for analysis of PDB ﬁles for π-stacking interactions is
available at https://github.com/attamatti/ﬁndpi.
Data availability
The structures of the single and double protoﬁlament β2m amyloid structures were
deposited in the Electron Microscopy Data Bank with accession numbers EMD-
0021 and EMD-0014, respectively. In addition, the atomic model built into the 3.9
Å double protoﬁlament reconstruction (EMD-0014) was deposited in the Protein
Data Bank with the PDB-ID 6gk3. The raw cryo-EM data has been deposited in the
EMPIAR database (EMPIAR-10207). All data that support the ﬁndings of this
study are available from the corresponding authors upon reasonable request.
Received: 28 August 2018 Accepted: 20 September 2018
References
1. Sipe, J. D. et al. Amyloid ﬁbril proteins and amyloidosis: chemical
identiﬁcation and clinical classiﬁcation International Society of Amyloidosis
2016 Nomenclature Guidelines. Amyloid 23, 209–213 (2016).
2. Pham, C. L. L., Kwan, A. H. & Sunde, M. Functional amyloid: widespread in
nature, diverse in purpose. Essays Biochem. 56, 207–219 (2014).
3. Fowler, D. M., Koulov, A. V., Balch, W. E. & Kelly, J. W. Functional amyloid—
from bacteria to humans. Trends Biochem. Sci. 32, 217–224
(2007).
4. Knowles, T. P. J. & Buehler, M. J. Nanomechanics of functional and
pathological amyloid materials. Nat. Nanotechnol. 6, 469–479 (2011).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06761-6
8 NATURE COMMUNICATIONS |          (2018) 9:4517 | DOI: 10.1038/s41467-018-06761-6 | www.nature.com/naturecommunications
5. Gallardo, R. et al. De novo design of a biologically active amyloid. Science 354,
aah4949 (2016).
6. Sakai, H. et al. Patterning nanoﬁbrils through the templated growth of
multiple modiﬁed amyloid peptides. Sci. Rep. 6, 31993 (2016).
7. Bonar, L., Cohen, A. S. & Skinner, M. M. Characterization of the amyloid ﬁbril
as a cross-beta protein. Proc. Soc. Exp. Biol. Med. 131, 1373–1375 (1969).
8. Geddes, A. J., Parker, K. D., Atkins, E. D. & Beighton, E. ‘Cross-beta’
conformation in proteins. J. Mol. Biol. 32, 343–358 (1968).
9. Sawaya, M. R. et al. Atomic structures of amyloid cross-beta spines reveal
varied steric zippers. Nature 447, 453–457 (2007).
10. Gremer, L. et al. Fibril structure of amyloid-β(1–42) by cryo-electron
microscopy. Science 358, 116–119 (2017).
11. Fitzpatrick, A. W. P. et al. Cryo-EM structures of tau ﬁlaments from
Alzheimer’s disease. Nature 547, 185–190 (2017).
12. Li, Y. et al. Amyloid ﬁbril structure of α-synuclein determined by cryo-
electron microscopy. Cell Res. 28, 897–903 (2018).
13. Guerrero-Ferreira, R. et al. Cryo-EM structure of alpha-synuclein ﬁbrils. eLife
7, 43 (2018).
14. Falcon, B. et al. Structures of ﬁlaments from Pick’s disease reveal a novel tau
protein fold. Nature 561, 137–140 (2018).
15. Iadanza, M. G., Jackson, M. P., Hewitt, E. W., Ranson, N. A. & Radford, S. E.
Visualising amyloid structures: a new era for understanding amyloid disease.
Nat. Rev. Mol. Cell Biol. https://doi.org/10.1038/s41580-018-0060-8
(2018).
16. Wieczorek, M. et al. Major histocompatibility complex (MHC) class I and
MHC class II proteins: conformational plasticity in antigen presentation.
Front. Immunol. 8, 292 (2017).
17. Gejyo, F. et al. Beta 2-microglobulin: a new form of amyloid protein associated
with chronic hemodialysis. Kidney Int. 30, 385–390 (1986).
18. Inoue, S., Kuroiwa, M., Ohashi, K., Hara, M. & Kisilevsky, R. Ultrastructural
organization of hemodialysis-associated beta 2-microglobulin amyloid ﬁbrils.
Kidney Int. 52, 1543–1549 (1997).
19. Esposito, G. et al. Removal of the N-terminal hexapeptide from human beta2-
microglobulin facilitates protein aggregation and ﬁbril formation. Protein Sci.
9, 831–845 (2000).
20. Milanesi, L. et al. Direct three-dimensional visualization of membrane
disruption by amyloid ﬁbrils. Proc. Natl Acad. Sci. USA 109, 20455–20460
(2012).
21. Goodchild, S. C. et al. β2-Microglobulin amyloid ﬁbril-induced membrane
disruption is enhanced by endosomal lipids and acidic pH. PLoS ONE 9,
e104492 (2014).
22. Jakhria, T. et al. β2-microglobulin amyloid ﬁbrils are nanoparticles that disrupt
lysosomal membrane protein trafﬁcking and inhibit protein degradation by
lysosomes. J. Biol. Chem. 289, 35781–35794 (2014).
23. Porter, M. Y., Routledge, K. E., Radford, S. E. & Hewitt, E. W.
Characterization of the response of primary cells relevant to dialysis-related
amyloidosis to β2-microglobulin monomer and ﬁbrils. PLoS ONE 6, e27353
(2011).
24. Eichner, T., Kalverda, A. P., Thompson, G. S., Homans, S. W. & Radford, S. E.
Conformational conversion during amyloid formation at atomic resolution.
Mol. Cell 41, 161–172 (2011).
25. Chiti, F. et al. A partially structured species of beta 2-microglobulin is
signiﬁcantly populated under physiological conditions and involved in
ﬁbrillogenesis. J. Biol. Chem. 276, 46714–46721 (2001).
26. Ohhashi, Y. et al. The intrachain disulﬁde bond of beta(2)-microglobulin is
not essential for the immunoglobulin fold at neutral pH, but is essential for
amyloid ﬁbril formation at acidic pH. J. Biochem. 131, 45–52 (2002).
27. Hong, D.-P., Gozu, M., Hasegawa, K., Naiki, H. & Goto, Y. Conformation of
beta 2-microglobulin amyloid ﬁbrils analyzed by reduction of the disulﬁde
bond. J. Biol. Chem. 277, 21554–21560 (2002).
28. Myers, S. L. et al. A systematic study of the effect of physiological factors on
beta2-microglobulin amyloid formation at neutral pH. Biochemistry 45,
2311–2321 (2006).
29. Relini, A. et al. Heparin strongly enhances the formation of beta2-
microglobulin amyloid ﬁbrils in the presence of type I collagen. J. Biol. Chem.
283, 4912–4920 (2008).
30. Jahn, T. R., Tennent, G. A. & Radford, S. E. A common beta-sheet architecture
underlies in vitro and in vivo beta2-microglobulin amyloid ﬁbrils. J. Biol.
Chem. 283, 17279–17286 (2008).
31. Debelouchina, G. T., Platt, G. W., Bayro, M. J., Radford, S. E. & Grifﬁn, R. G.
Intermolecular alignment in β2-microglobulin amyloid ﬁbrils. J. Am. Chem.
Soc. 132, 17077–17079 (2010).
32. Su, Y., Andreas, L. & Grifﬁn, R. G. Magic angle spinning NMR of proteins:
high-frequency dynamic nuclear polarization and (1)H detection. Annu. Rev.
Biochem. 84, 465–497 (2015).
33. Sahu, I. D., McCarrick, R. M. & Lorigan, G. A. Use of electron paramagnetic
resonance to solve biochemical problems. Biochemistry 52, 5967–5984 (2013).
34. Su, Y. et al. Secondary structure in the core of amyloid ﬁbrils formed from
human β2m and its truncated variant ΔN6. J. Am. Chem. Soc. 136, 6313–6325
(2014).
35. Ladner, C. L. et al. Stacked sets of parallel, in-register beta-strands of beta2-
microglobulin in amyloid ﬁbrils revealed by site-directed spin labeling and
chemical labeling. J. Biol. Chem. 285, 17137–17147 (2010).
36. Myers, S. L., Thomson, N. H., Radford, S. E. & Ashcroft, A. E. Investigating
the structural properties of amyloid-like ﬁbrils formed in vitro from beta2-
microglobulin using limited proteolysis and electrospray ionisation mass
spectrometry. Rapid Commun. Mass Spectrom. 20, 1628–1636 (2006).
37. Yamaguchi, K.-I. et al. Core and heterogeneity of beta2-microglobulin
amyloid ﬁbrils as revealed by H/D exchange. J. Mol. Biol. 338, 559–571 (2004).
38. White, H. E. et al. Globular tetramers of beta(2)-microglobulin assemble into
elaborate amyloid ﬁbrils. J. Mol. Biol. 389, 48–57 (2009).
39. Scheres, S. H. W. RELION: implementation of a Bayesian approach to cryo-
EM structure determination. J. Struct. Biol. 180, 519–530 (2012).
40. He, S. & Scheres, S. H. W. Helical reconstruction in RELION. J. Struct. Biol.
198, 163–176 (2017).
41. Iadanza, M. G., Jackson, M. P., Radford, S. E. & Ranson, N. A. MpUL-multi:
software for calculation of amyloid ﬁbril mass per unit length from TB-TEM
images. Sci. Rep. 6, 21078 (2016).
42. Trinh, C. H., Smith, D. P., Kalverda, A. P., Phillips, S. E. V. & Radford, S. E.
Crystal structure of monomeric human beta-2-microglobulin reveals clues to
its amyloidogenic properties. Proc. Natl Acad. Sci. USA 99, 9771–9776 (2002).
43. Valleix, S. et al. Hereditary systemic amyloidosis due to Asp76Asn variant β2-
microglobulin. N. Engl. J. Med. 366, 2276–2283 (2012).
44. Le Marchand, T. et al. Conformational dynamics in crystals reveal the
molecular bases for D76N beta-2 microglobulin aggregation propensity. Nat.
Commun. 9, 1658 (2018).
45. Yamamoto, S. et al. Glycosaminoglycans enhance the triﬂuoroethanol-induced
extension of beta 2-microglobulin-related amyloid ﬁbrils at a neutral pH. J.
Am. Soc. Nephrol. 15, 126–133 (2004).
46. Tipping, K. W. et al. pH-induced molecular shedding drives the formation of
amyloid ﬁbril-derived oligomers. Proc. Natl Acad. Sci. USA 112, 5691–5696
(2015).
47. Lu, J.-X. et al. Molecular structure of β-amyloid ﬁbrils in Alzheimer’s disease
brain tissue. Cell 154, 1257–1268 (2013).
48. Paravastu, A. K., Leapman, R. D., Yau, W.-M. & Tycko, R. Molecular
structural basis for polymorphism in Alzheimer’s beta-amyloid ﬁbrils. Proc.
Natl Acad. Sci. USA 105, 18349–18354 (2008).
49. Schütz, A. K. et al. Atomic-resolution three-dimensional structure of amyloid
β ﬁbrils bearing the Osaka mutation. Angew. Chem. Int. Ed. Engl. 54, 331–335
(2015).
50. Lawrence, M. C. & Colman, P. M. Shape complementarity at protein/protein
interfaces. J. Mol. Biol. 234, 946–950 (1993).
51. Smith, D. P. & Radford, S. E. Role of the single disulphide bond of beta(2)-
microglobulin in amyloidosis in vitro. Protein Sci. 10, 1775–1784 (2001).
52. Bellotti, V. et al. Beta2-microglobulin can be refolded into a native state from
ex vivo amyloid ﬁbrils. Eur. J. Biochem. 258, 61–67 (1998).
53. Colvin, M. T. et al. Atomic resolution structure of monomorphic Aβ42
amyloid ﬁbrils. J. Am. Chem. Soc. 138, 9663–9674 (2016).
54. Wälti, M. A. et al. Atomic-resolution structure of a disease-relevant Aβ(1-42)
amyloid ﬁbril. Proc. Natl Acad. Sci. USA 113, E4976–E4984 (2016).
55. Tuttle, M. D. et al. Solid-state NMR structure of a pathogenic ﬁbril of full-
length human α-synuclein. Nat. Struct. Mol. Biol. 23, 409–415 (2016).
56. Silvers, R. et al. Aggregation and ﬁbril structure of AβM01-42 and Aβ1-42.
Biochemistry 56, 4850–4859 (2017).
57. Yamamoto, K. et al. Thiol compounds inhibit the formation of amyloid ﬁbrils
by beta 2-microglobulin at neutral pH. J. Mol. Biol. 376, 258–268 (2008).
58. Platt, G. W., Routledge, K. E., Homans, S. W. & Radford, S. E. Fibril growth
kinetics reveal a region of beta2-microglobulin important for nucleation and
elongation of aggregation. J. Mol. Biol. 378, 251–263 (2008).
59. Jones, S., Manning, J., Kad, N. M. & Radford, S. E. Amyloid-forming peptides
from beta2-microglobulin—insights into the mechanism of ﬁbril formation
in vitro. J. Mol. Biol. 325, 249–257 (2003).
60. Natalello, A. et al. Co-ﬁbrillogenesis of Wild-type and D76N β2-
microglobulin: the crucial role of ﬁbrillar seeds. J. Biol. Chem. 291, 9678–9689
(2016).
61. Xue, W.-F., Homans, S. W. & Radford, S. E. Systematic analysis of nucleation-
dependent polymerization reveals new insights into the mechanism of
amyloid self-assembly. Proc. Natl Acad. Sci. USA 105, 8926–8931 (2008).
62. Meisl, G. et al. Molecular mechanisms of protein aggregation from global
ﬁtting of kinetic models. Nat. Protoc. 11, 252–272 (2016).
63. Close, W. et al. Physical basis of amyloid ﬁbril polymorphism. Nat. Commun.
9, 699 (2018).
64. Fitzpatrick, A. W. P. et al. Atomic structure and hierarchical assembly of a
cross-β amyloid ﬁbril. Proc. Natl Acad. Sci. USA 110, 5468–5473 (2013).
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06761-6 ARTICLE
NATURE COMMUNICATIONS |          (2018) 9:4517 | DOI: 10.1038/s41467-018-06761-6 | www.nature.com/naturecommunications 9
65. Qiang, W., Yau, W.-M., Lu, J.-X., Collinge, J. & Tycko, R. Structural variation
in amyloid-β ﬁbrils from Alzheimer’s disease clinical subtypes. Nature 541,
217–221 (2017).
66. Seidler, P. M. et al. Structure-based inhibitors of tau aggregation. Nat. Chem.
10, 170–176 (2018).
67. Grant, T. & Grigorieff, N. Measuring the optimal exposure for single particle
cryo-EM using a 2.6 Å reconstruction of rotavirus VP6. eLife 4, e06980 (2015).
68. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion
for improved cryo-electron microscopy. Nat. Methods 14, 331–332 (2017).
69. Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol.
193, 1–12 (2016).
70. Scheres, S. H. W. & Chen, S. Prevention of overﬁtting in cryo-EM structure
determination. Nat. Methods 9, 853–854 (2012).
71. Sousa, D. & Grigorieff, N. Ab initio resolution measurement for single particle
structures. J. Struct. Biol. 157, 201–210 (2007).
72. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).
73. Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605–1612 (2004).
74. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66,
213–221 (2010).
75. Frishman, D. & Argos, P. Knowledge-based protein secondary structure
assignment. Proteins 23, 566–579 (1995).
76. Xue, W.-F. & Radford, S. E. An imaging and systems modeling approach to
ﬁbril breakage enables prediction of amyloid behavior. Biophys. J. 105,
2811–2819 (2013).
Acknowledgements
All EM was performed at the Astbury Biostructure Laboratory which was funded by the
University of Leeds and the Wellcome Trust (108466/Z/15/Z). H.I.S. was supported by
the Wellcome Trust (105222/Z/14/Z). We thank Drs. Rebecca Thompson, Emma Hes-
keth, and Shaun Rawson for assistance with cryo-EM data collection, and Stuart
Micklethwaite at the Department of Chemical and Process Engineering, Leeds Electron
Microscopy and Spectroscopy Centre (LEMAS) for assistance with SEM imaging. We
also thank Dr. Wei-Feng Xue for the development of AFM imaging and data analysis,
past members of the SER group for creating β2m ﬁbril samples and our colleagues for
many helpful discussions while preparing this manuscript. The MAS-NMR project was
supported by grants from the National Institutes of Health (EB-002026 and AG-058504)
to R.G.G. R.S. was funded by a DFG research fellowship (SI2105/1-1). M.G.I., T.K.K.,
N.A.R., and S.E.R. acknowledge funding from the European Research Council (ERC)
under European Union’s Seventh Framework Programme (FP7/2007-2013) ERC grant
agreement no. 322408, and from the Wellcome Trust (092896MA and 204963).
Author contributions
M.G.I., R.S., R.G.G., N.A.R., and S.E.R. designed the experiments. M.G.I., H.I.S., and T.K.
K. optimised ﬁbril growth conditions and prepared ﬁbrils. T.K.K. performed the AFM
experiments. R.S., G.D., Y.S., and R.G.G. designed and performed MAS-NMR experi-
ments. M.G.I. prepared the EM samples and collected data. M.G.I. and J.B. performed
image processing and reconstruction. M.G.I. and R.S. performed model building and
reﬁnement. M.G.I., R.S., J.B., R.G.G., N.A.R., and S.E.R. analysed the data. All authors
wrote or edited the manuscript.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-06761-6.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06761-6
10 NATURE COMMUNICATIONS |          (2018) 9:4517 | DOI: 10.1038/s41467-018-06761-6 | www.nature.com/naturecommunications
